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IMPROVED PHASE MASK AND METHOD FOR 

FABRICATION OF FBGs 

FIELD OF THE INVENTION 

5 

The present invention concerns a method of phase mask design and a FBG writing method. 
BACKGROUND OF THE INVENTION 

10 

Writing an FBG comprises two aspects, phase and amplitude. The phase gives the position of 
the FB(i index fringes relative to the assumed underlying uniform pitch, and the amplitude is 
the magnitude of the index modulation at any given location in the FBG. Variation of the 
FBG amplitude is often called apodization, since the ends of the FBG must be softened 
15 (apodized. or gradually reduced to zero) in order to avoid undesirable group delay and 
reflectivity ripples, which would result from an abrupt transition from a nonzero amplitude to 
zero. 

To mathematically describe the FBG. the modulation of the effective index of refraction of the 
20 single mode fiber can be written as 

w(.v) = n e ff ( x ) + An(x)mslk xQ x + ^ (a*)) = n efr (or) + Re j Aw(A)exp[/(*j, 0 .Y + ^ (.r)| j ( 1 ) 

where the FBG central k-vector is L<> = 2id A<, and is the central period (or pitch) of the 

25 grating in the fiber. This index modulation causes a Bragg reflection band at a desired central 
wavelength >i#, which is given by X B =2n^A l{ . and where n e ff is the effective average 

(i.e. excluding the rapidly varying index modulation) mode index of the single mode fiber. 
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n e jj- can be slowly varying and thus it is written in Eq. ( I ) as n C jj{x). An(x) is the amplitude 

of the index modulation (this is the apodization profile), and fa(x) is the residual phase (fringe 
position relative to the uniform period A^. i.e. 2n of phase corresponds to a fringe position 

shift equal to the full fringe period A^) ? and x is the position along the fiber. Note that the 

5 phase information $ g (x) can be used to 'chirp' the grating, which can be used for dispersion 
compensation, and also the phase can be used for 'sampling', which produces multiple 
reflection bands that e.g. can be matched to the standard ITU grid frequencies used in 
commercial WDM systems. Phase sampling has been described in detail in US patent 
application 09/757386, entitled "'EFFICIENT SAMPLED BRAGG GRATINGS FOR WDM 
10 APPLICATIONS". 

Several methods have been developed for FBG writing using the side illumination method 
with a phase mask, as illustrated in Fig. 1 . 

1 5 A scanning mechanism is used to illuminate a long section of fiber through the mask, typically 
with a beam of small diameter (a few mm or smaller). Alternatively, one can scan the 
mask/fiber pair and keep the writing beam fixed, or avoid scanning entirely and use a writing 
beam large enough to expose the entire section of fiber required. The mask has a periodic 
corrugation structure on the surface closest to the fiber, which, when illuminated by the 

20 writing laser (typically UV, but not required to be so), generates diffracted orders which 
transmit an intensity fringe pattern to the FBG. One can write the height (with peaks/valleys 
of ±d) of the mask surface profile as 

h(x) = dsin(k mO x + 0 m (x)), (2) 

25 

where the mask has an underlying period A m and k- vector k m0 s2/r/A m , and the residual 
phase of the mask corrugation function is 0 m (x) . Although we assume a sinusoid here for 



CA 02420521 2003-02-27 



3 

simplicity, typically the corrugation of the mask will be closer to a square wave, but this shape 
docs not affect the concept here. The surface grating in the mask causes the writing beam to 
diffract into multiple orders. The corrugation depth 2d is chosen such that the ±l sl orders are 
maximized and the 0 th order is minimized. Typically this depth will be near the size of the UV 
5 wavelength (e.g. 2d - 250 nm). For a uniform mask of period A m , the two 1 st order beams 
will interfere to produce an intensity pattern with a fringe period (and thus the period of the 
grating in the fiber) A ? =A m /2. In the Prior Art, the mask could be patterned with a 

nonuniform period (chirp) or phase to produce a similarly varying chirp or phase in the FBG. 
Thus, the mask could embody the required phase information. However, typically the 
10 amplitude information (apodization) was introduced in the writing process itself. The simplest 
method was simply to vary the laser beam power during writing. However, this method 
causes a variation in n e jj (.v), which leads to severe distortion of the FBG reflection spectrum. 

To correct this a second pass of liber exposure was used to equalize n e fj{x) over the KBG 

length, but this is more complex and is subject to various uniformity and alignment issues. 

15 

A standard technique to achieve apodization without variation of laser power is by controlled 
wiggling of the mask during writing (see for example Cole et al, US Pal. #6072926). If one 
wiggles the mask by a distance more than one fringe period the fringes can wash out 
completely. By changing the wiggling amplitude one can control the net fringe amplitude and 

20 thus control the index modulation amplitude Ari(x). However, this method is still mechanically 
complex and is subject to the variations of the mechanical wiggling system. In the absence of 
such a wiggling apparatus, the mask and the fiber can be mechanically joined by a very simple 
jig (perhaps just a spacer between the liber and mask and a clamp to hold them together). This 
type of mechanical arrangement is likely to have the best thermal and mechanical stability, 

25 which can greatly improve the quality of the written FBGs. In addition, as a result of nonlinear 
writing sensitivity, this method can still have the undesired effect of varying the effective 
average index n e ff(x), distorting the FBG spectrum. 
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Ideally one would like to include the apodization information in the mask itself, so that the 
writing process would simply consist of scanning the mask-fiber with the writing laser beam, 
without additional mechanical variations, or a simple exposure by a stationary large beam. 

5 A few methods have been proposed to incorporate the amplitude information into the mask. 
One approach uses modulation of the duly cycle (i.e. width), or etch depth, of the grating 
corrugation on the mask to modulate the intensity of the ±l sl and 0 th order diffracted beams, 
such that the visibility of the fringes in the transmitted light is varied. This approach suffers 
from a number of practical difficulties in achieving the desired flexibility and accuracy of the 
10 amplitude profile, and since the visibility of the fringes is modulated, it is possible that it could 
generate some undesirable variation of the effective average index of the fiber core, n e jj (x). 

A summary of these prior art methods can be found in the book by Kashyap (Fiber Bragg 
Gratings). 

15 Using interference between two FBG fringe patterns to control fringe amplitude, is disclosed 
in Kashyap. U.S. Patent No. 6,307.679. However, the two component FBG patterns are 
written sequentially. As a result, the prior art method disclosed in Kashyap suffers from the 
problem that the longitudinal position of the fiber must remain very precisely controlled, 
generally on the scale of I nm, between the sequential writing passes of the two FBG patterns. 

20 In addition, the writing laser power and beam position and angle must be very precisely 
maintained between the two writing passes. A number of approaches w ere recently proposed 
in a US patent application (Popelek et al, "Embodying Amplitude Information into Phase 
Masks." US application no. 10/154,505, filed 5/24/02) which used a single illumination of the 
combination of multiple patterns on the same mask to achieve the required apodization. 

25 

Therefore there is a need for an improved phase mask and a FBG writing method overcoming 
the drawbacks of the prior art methods discussed therein. 
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SUMMARY OF THE INVENTION 

The present invention enables the use of extremely precise phase-only variations (i.e. the 
positions of the individual grooves) in a phase mask design to achieve apodization that would 
5 otherwise require modulation of the fringe depth in an FBG. This approach has significant 
advantages over the prior art. First, it allows for fabrication of complex FBGs with a very 
simple exposure, without for example, the need to use a very small scanned writing beam, or 
the use of complex mechanical systems such as needed for piezo-driven dithering. (The 
exposure could be just a blanket illumination with a stationary large beam). Second, this 
10 method ol apodization has reduced, if not zero, side effects on varying the average index of 
the FBG - a problem that can occur with other methods. Finally, the method has high 
resolution and mathematical precision, leveraging the precision of semiconductor lithography 
tools. This enables the manufacture of high resolution and complex FBGs using a precise 
mask and an extremely simple exposure procedure. 

15 

Other advantages of the present invention will be better understood upon reading preferred 
embodiments thereof with reference to the appended drawings. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be described in more detail below with references to the 
accompanying drawings in which: 

Figure 1 is a schematic representation of prior art standard method for writing an FBG by side 
25 illumination through a phase mask. 

Figure 2 is a graph illustrating the effective relative modulation amplitude of FBG fringes 
resulting from phase only apodization with sinusoidal phase versus the amplitude of the 
sinusoid according to a preferred embodiment of the present invention. 
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Figure 2(b) is a graph illustrating the transfer amplitude of sinusoidal phase vs spatial 
frequency according to a preferred embodiment of the present invention. 
Figure 3 shows graphic representations of a phase-only apodization of a single channel 
linearly chirped grating according to another preferred embodiment of the present invention, 
5 Figure 4A shows graphic representations of a phase-only apodization of the same linearly 
chirped FBG as in Fig. 3; the apodization period being 200 ^im. 

Figure 4B shows graphic representations of experimental results of Phase-only apodization of 
a linearly chirped single channel FBG: the apodization period being about 24 (.im. 
Figure 4C shows graphic representations of experimental results of Phase-only apodization of 
10 a linearly-chirped single channel FBG. according to another preferred embodiment of the 
present invention. 

Figure 5 shows graphic representations of Phase-only apodization of a nonlinearly chirped 

FBG. according to another preferred embodiment of the present invention. 

Figure 6 shows graphic representations of Phase-only apodization of another nonlinearly 

1 5 chirped FBG, according to another preferred embodiment of the present invention. 

Figure 7 shows graphic representations of Phase-only apodization of another nonlinearly 
chirped FBG. according to another preferred embodiment of the present invention, 
Figure 8 shows graphic representations of a 9-channel phase-only sampling FBG. The top 
panel shows the periodic phase, which generates the uniform 9 central channels while the 

20 bottom panel shows the spectral amplitude of the channels generated by the sampling. 

Figure 9 shows graphic representations of the spectrum of a 9-channcl phase-only sampling of 
Figure 8. which has been modified to include phase-only apodization , according to another 
preferred embodiment of the present invention. 

Figure 10 shows graphic representations of the spectrum of a 9 channel phase-only sampling 
25 FBG, which has been modified to include phase-only sinusoidal apodization, according to 
another preferred embodiment of the present invention. 



CA 02420521 2003-02-27 



7 

Figure 1 1 shows graphic representations of the spectrum of 41 -channel FBG with phase-only 
sampling and apodization. according to another preferred embodiment of the present 
invention. 

Figure 12 shows graphic representations of a 9 channel linearly chirped phase-only sampled 
5 FBG, which has been phase-only apodized, according to another preferred embodiment of the 
present invention. 

Figure 13 shows graphic representations of a central channel of 9-channel linearly chirped 
phase-only sampled FBG. which has been phase-only apodized. 

Figure 14 shows graphic representations of a 41 channel linearly chirped phase-only sampled 
10 FBG, which has been phase-only apodized. according to another preferred embodiment of the 
present invention. 

Figure 15 shows graphic representations of the central channels of 41-channel linearly chirped 
phase-only sampled FBG, which has been phase-only apodized. 



15 While the invention will be described in conjunction with an example embodiment, it will he 
understood that it is not intended to limit the scope of the invention to such embodiment. On 
the contrary, it is intended to cover all alternatives, modifications and equivalents as may be 
included as defined by the present description. 



20 

DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION 

In this disclosure a new method of incorporating amplitude information into a single pattern in 
the mask is described. In the proposed method the amplitude of the grating is varied by 
25 including an additional variation into the location (i.e. phase) of the corrugations on the mask. 
This additional phase variation causes the amplitude of the grating in the FBG. near the central 
period of interest A . to vary in a precise way. As opposed to the prior art methods that vary 

the diffraction efficiency into the 0 lh and 1 st orders, this method redistributes angularly the UV 
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light within the l sl order in such a way as to vary the amplitude of the grating near the period 
of interest, while introducing additional fringes that have a period outside of the region of 
interest. In this way, one can effectively achieve apodization of the index fringes relevant to 
the spectral region of interest, while the actual total fringe amplitude Anfx) is completely 
5 constant. Therefore, one substantially eliminates any potential variation in the average index 
Heff'( x )* w 'hich can result from nonlinear writing sensitivity. 

Referring to Eq. (1). the essential idea here is to replace the amplitude function Anfx) by a 
phase only function. Thus define a 'phase apodization^ function 

10 

A(x) = A/? 0 expl/V,.f/>U)l (3) 

One sees that the function A(x) has a completely uniform amplitude Ahq, and thus is entirely 
defined by the apodization phase function fap(x). The goal will be to design A(x) such that 
15 it can replace Anfx) in Eq. (1) and the resulting FBG spectrum will achieve the desired 
performance required lor the device in the spectral region of interest. Thus the index 
modulation in the fiber core is written as 

n(x) = n a/J + Re{/l(.v)exp[/(/: y0 A- + ^(.v)]} = n ejJ + A« 0 Re{exp[i(*^ 0 x + ^(x) + ^/>(x)]} 
20 (4) 

From equation (4) one sees that the index modulation is now a constant A/?q and has no 
amplitude variation whatsoever. The I'BCi could then be written with an appropriate phase 
mask that incorporates both the usual designed grating phase (f)^(x) (e.g. chirp etc) and the 

25 proposed apodization phase ($4 />(*), and thereby no modulation of the actual fringe amplitude 
would be required, either through wiggling of the phase mask or by other methods. 
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To understand the basic proposal it is helpful to realize that for FBGs with small index 
modulation, the reflection spectrum of the grating can be found from the Fourier Transform of 
the complex index modulation function (the quantities for which the Real part is taken in Rqs. 
5 (1) and (4)). As was disclosed in US applications 10/056.575 and 09/757386, Fourier 
analysis can be valid even for large index modulation. The application of Fourier analysis 
here is directed at understanding the effect of small scale-length periodic phase modulation on 
the grating spectrum. If the reflectivity developed over this scale-length is smalL then 
generally the Fourier theory can be applied to understand the distribution of the spectrum 
10 among many channels generated by the periodic phase modulation even for highly reflecting 
gratings. It should be understood that the Fourier analysis used here is illustrative only, and 
the invention is not dependent on Fourier design. 

Note that reflection from any point in the FBG will correspond to a delay time given by the 
1 5 round trip time from the entrance of the FBG to the point of reflection r = In^xlc , where 

is the effective group index of the fiber. Thus the reflection spectrum, relative to the center 
frequency of the grating v 0 = c I a b = c/ 2n e jj A K , can be written as 



where Ai- = I'-^o? an ^ / * s *e Fourier transform spatial frequency variable corresponding 
to the x-position along the fiber. Thus, for example, if the grating phase has a period l\ then 
the Fourier transform will have peaks at spatial frequency / -MP and its harmonics / ' =m/P. 
and thus the reflectivity will have peaks (or channels) at harmonics Av = mclln^P , where m 

25 is an integer. As an example, if P = 1 00 jam, then the channel spacing Av - 1 000 Gl Iz - 8 nm. 




(5) 



20 
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The basic idea that is proposed here is to sel fapix) equal lo a rapidly varying sinusoid 
(although it is not limited to a sinusoid, the sinusoid is a particularly simple embodiment to 
analyze) whose amplitude is slowly varying (in comparison to the period of the sinusoid) as a 
function of x. The result, in effect, will be that this sinusoidal phase variation causes the FBG 
5 fringes to (partially or completely) disappear in the spectral region of interest while generating 
spurious fringes at a period well out of the spectral range of interest. Put another way. as 
described above, a periodic phase variation will cause generation of harmonic sideband 
channels in the reflection spectra. These spurious "apodizalioiv sideband channels are 
generated at the expense of reducing the reflection response in the central channel of interest. 
10 That is. the sinusoidal phase modulation effectively reduces the reflectivity in the central 
channel, or equivalcntly reduces the effective amplitude of the grating responsible for the 
reflectivity of the central channel. If this apodization phase variation has a period P j, then 
according to the discussion above, spurious reflectivity 'channels' will be created at a 
frequency separation from the center channel(s) of interest of Av AP = mc!2n^P A , where m is 

1 5 an integer. If we make P A small enough, then these channels will be far out of the spectral 
region of concern. For example, the telecommunications C-Band is roughly 4 THz wide. So 
if P\ is less than - 25 jam then the separation of these spurious 'apodization' side bands will 
be more than 4 THz, and these sidebands will therefore be in a spectral region which is 
unimportant and could be ignored. 

20 

Thus, one defines the apodization phase as 

= faix)s\n{2nx fP A ) (6) 

25 where the amplitude of the sinusoid fa(x) varies slowly in comparison to the sinusoid period 
P A . To understand how this method works first consider this phase apodization as used with 
a uniform grating of wavenumber k g n. That is, let the FBG modulation be given by 
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n[x) = n eff + An {) Re{exp[/(*j, 0 * + ^pWl 



(7) 



From Eq. (5) it is seen that the reflect! v ity is given hy 



2 



R(Av)cc 3{exp[/^ /J/ >(.v)]}| 



(8) 



= 3{exp[/^ 0 (x)sin(2OT// > / ,)]}| 



if=2n K Avfc 



Now one makes use of the identity 



exp[/0 o sin(0)]= .' m (^))cxp[/«ifl] 



(9) 



10 where ./,„ is an ordinary Bessel function. One takes 0 = 2nxl P A and assumes </>o{x) is slowly 
varying and can be treated as a constant to obtain 



15 Thus, one sees the reflectivity consists of a scries of channels, and one assumes only the 
central channel {m = 0) is in a spectral region which is of interest and therefore the spurious 
"apodization channels' (m*Q ) can be ignored. This leaves a central channel as would be 
reflected by a uniform grating with an equivalent amplitude given by the coefficient ./o(^o) 
Therefore if ^q(- v ) ' s slowly varying in comparison to the apodization period /'./ , then the 

20 effective amplitude of the central channel grating varies as a function of the position x along 
the fiber according to the relationship 




2 



(10) 



(H) 
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or A)(*) = V<Atf(x)/Aw 0 ) (12) 

where Awq is the maximum grating amplitude when the phase apodization is zero. Thus, 
the effective reduction in Aw/ A/7q is given by the 0 ,h order Bessel function Jo, which is plotted 
5 in Fig. 2. One sees that the reduction of Aw varies smoothly with <f> 0 until A/7 reaches zero at 
the first zero of Jo at fa := 2.4048. Thus one can fully control the apodization by designing 
fo(x) to precisely vary between 0 ami 2.4048. 

To summarize the basic idea more concisely, if one desires to write the grating with index 
10 modulation 

n(x) =n eff +Re{Aw(A-)expf/(^ 0 r + ^(x)|] (13) 

one can instead write a grating with no amplitude variation along the length Aw(a), i.e. a 
15 grating with constant fringe amplitude A^and "phase-only" apodization as in Eq. (4) 

n(x) = n e ff + A/7 0 Re{exp[/(A x0 A +^(x) + ^ 0 (JC)sin(2^r// > /l )J} (14) 

where <Pq(x) is given by Eq. (12). P,i is required to be sufficiently small such that the 
20 spurious sidebands at A v = mci2n^P A are of no concern, and that the scale of the variation in 

Aw(.v) is long compared with Pj. Note that Eq. (12) is based on the validity of the 
approximations of FBG reflectivity developed in US patent applications 10/056,575 and 
09/757,386. The invention is not dependent on the exact formulation of Eq. (12). For 
example, one can experimentally measure the values of ^o^ v ) required to obtain a desired 
25 level of apodization, and thereby modify Eq. (12) to be calibrated to experimental result. 
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Alternatively a more sophisticated FBG analysis (e.g. transfer matrix methods) could be used 
to obtain a more accurate formulation of Bq. (12). 



To examine how this method works, one can calculate the performance of the method of Eqs. 
5 (14) and (12) on some sample FBG designs. In all of the designs considered here, the 
conventionally required FBG apodization An(x) is obtained by Fourier synthesis. However, 
this is done for simplicity and numerical convenience only. For more complex designs, such 
as those with high reflectivity spectra, a more sophisticated design method, such as inverse 
scattering techniques (see e.g. Feeed et al. J. Quantum Klectron. Vol. 35, pi 105-1 1 15, 1999), 
10 could be used to determine An{x). Then, one could apply Eq. (12) (or an appropriately 

modified form) using An{x) found by such a design method to obtain foix) and generate a 

phase-only apodized grating as described by Eq. (14). Indeed, any method may be used to 
design a desired apodization profile An(x) and then Kq. (12) or a modified version may be 
used to define a phase-only apodized grating using Eq. (14). 

15 

Figure 3 shows the result of phase-only apodization for a simple linearly chirped single 
channel FBG with 1000 ps/nm dispersion. The period of the apodization sinusoid is chosen to 
be 200 ^im. so thai the spurious apodization channels are separated by about 4 nm (500 GHz) 
from the desired dispersion compensation channel. The first panel shows the desired and 

20 effectively achieved apodization profile by varying of </>q(x) . as determined by Eqs. (II) and 
(12). The second panel shows the actual amplitude variation assumed for An{x) . One sees in 
the second panel that A/7(.v) is taken to be constant over the entire active region of the grating 
(this is arbitrarily taken to be the length over which the effective amplitude An{x) is greater 
than 2x10*** of the peak), but it is reduced to zero at the ends of the region to eliminate spurious 

25 reflection that could result from the abrupt change at the end. If suppression of the end 
reflection is needed, then the transition al the grating ends can be essentially of any form so 
long as the transition is not too rapid. In the case of Fig. 3, there are no adverse effects for end 
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transition regions wider than about a few 100 j.im. As a result, a number of prior-art 
techniques could be used to incoiporate the end transitions into the mask, since they are not 
critical. One method is just a gradual reduction of the width or depth of the mask grooves 
over the transition region. In general, one would expect that for larger spectral separation of 
5 the spurious apodization channels, the termination of the grating ends should be less critical. 
The k end* apodization is included in the simulations here for numerical convenience only, and 
is not a required aspect of the invention. However, it is possible that it may be beneficial in 
some grating designs. As will he noted below, the experimental results indicate that such 
grating end apodization is not necessary to achieve excellent results (at least for the dispersive 
10 grating design used in this measurement), 

The third panel shows the calculated group delay (solid) compared to the desired linear 
variation (dashed), and the fourth panel shows the difference between ihe desired and 
calculated delays. The final panel shows the calculated reflectivity amplitude of the phase- 
1 5 only apodized grating. One sees that over the - 0.4 nm bandpass of the reflective channel there 
is no discernable difference between the desired and calculated group delay (i.e. zero group 
delay ripple), thus demonstrating the phase-only apodization method works as desired. 

Figure 4A shows this same calculation on a wide bandwidth scale so that one can observe the 
20 spurious 'apodization channels'. One sees thai these channels have separation of - 4 nm (500 
GHz) as one would expect from the apodization period P,\ = 200 f.im. Note also, as seen in the 
last panel of Fig. 4 A. each of the spurious channels is peaked near its spectral edges, and the 
response in the center of each spurious channel is near zero, This is simply a result of the 
redistribution caused by the phase-only apodization method. The apodization does not reduce 
25 the reflectivity at the center of the desired channel and so does not induce reflectivity at the 
center of the spurious channels. However, the apodization does reduce the reflectivity at the 
edges of the desired channel, by redistributing it at the edges of the spurious channels. 
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Mathematically, this behavior stems from the fact that the amplitude of the gratings associated 
with the spurious channels is given by higher order Bessel functions, as seen in Kq. (10). 



As mentioned earlier, with P A <25 |im, one would obtain a separation of more than 32 nm. 
5 exceeding the entire width of the telecommunications C-band. Such an experimental result, 
using a phase-only apodized. linearly-chirped FBG of dispersion - -1500 ps/nm. is shown in 
Fig. 4B. The apodization period P A - 24 pm. One sees that the frequency separation of the 
spurious channels is - 4.3 THz (or - 35 nm, an interval corresponding to - 43 channels 
separated by 100 GHz). The structure of the spurious channels, as seen in the enlargements of 

10 peaks (a) and (c). is exactly as predicted in Fig. 4A, with a minimum at the spurious channel 
center and the reflectivity peaked near the spurious channel edges. The desired central 
channel shows a smooth reflectivity with no significant side lobes and the noise floor outside 
the channel is more than 30 dB down from the peak. The bottom panel of Fig. 4C shows the 
measured group delay response of the central channel. One observes very small group delay 

15 ripple, less than 8 ps peak-to-peak. This is another indication that the apodization method is 
achieving excellent results. It should be emphasized that this experimental result was obtained 
without any additional apodization (by means other than the designed phase-only method) of 
the grating ends whatsoever. This demonstrates that phase-only apodization alone may be 
used to fabricate dispersion compensating FBGs with excellent spectral characteristics. 

20 

Figures 5 and 6 show calculations of phase-only apodization of nonlinearly chirped single 
channel gratings. The dispersion varies linearly over the channel bandwidth according to 

D = (-500 ps/nm) + (SQ0ps/nm 2 )AA for Fig. 5 and n = (-10ps/mn) + (2i)i)i)pslnm 2 )&A 
in Fig. 6. The plots are similar to those above, but the first panel shows the desired and 
25 achieved apodization profiles on a linear scale, whereas the second panel shows the desired 
apodization (dashed) and actual constant A/;(.vh with tapers at the ends, on a log scale. The 
apodization period used in Fig. 5 is 50 ^im. 
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Note that in Fig. 6 the target apodization profile has very dramatic oscillations from maximum 
to near zero, and thus is a rigorous test of the phase-only apodization method. In the fourth 
panels one sees again that the group delay is indistinguishable from the desired quadratic over 
the central portion of the reflectivity channel. The apodization period used in Fig. 6 is 25 |.itn, 
5 but if one increases this period, one starts to observe errors in the calculated spectrum. This 
effect is shown in Fig. 7. which is the same grating design as in Fig. 6. except that the phase 
apodization period has been taken as 100 |.im. One sees modest but significant group delay 
error in the channel center as well as amplitude error in (he wings of the reflectivity. This 
appears to result from the rapid oscillations in the desired apodization profile. The phase 

10 modulation amplitude <f>a{x) can no longer be considered to vary slowly over a period P A of the 
apodization. Therefore, it can no longer be linked directly to an apodization profile, as 
indicated in Eq. (II). In order for this interpretation to hold and to properly achieve the target 
design, the phase apodization is then required to have a shorter period. If the apodization 
period cannot be reduced, the phase profile $>(» can be designed with a different approach 

15 than prescribed by Eq. (12). For example, a nonlinear optimization iterative process can be 
used, such as the simulated thermal annealing, simplex. Gerchberg-Saxlon. and other 
optimization methods described in US patent applications 10/056,575 and 09/757.386. 
whereby the complex reflectivity spectrum is calculated at each iteration and the phase profile 
<f)o{x) and/or the underlying grating phase is varied until the desired complex reflectivity 

20 is achieved to a desired level of accuracy. 

As discussed in previous US patent applications 10/056.575 and 09/757,386, a periodic phase 
included in the grating design can be used to " sample" the FfcKi and thereby generate a series 
of periodically spaced channels that can be adapted for use in a commercial WDM system. 
25 Figure 8 shows such a periodic phase that has been designed to generate 9 uniform channels 
(uniformity of 9 central channels is better than 1%, but many unused "extra' channels are also 
generated). The phase apodization method may be used in conjunction with the "phase 
sampling" to reduce the amplitude of all 9 of these channels by adding a periodic phase of 
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sufficiently high frequency such that the spurious 'apodization channels' are adequately 
spaced away from the desired central 9 channels and therefore do not cause noticeable 
interference. Thus one would have an index modulation given by 

5 n(x) = n e ff + Aw 0 Re{exp|/(^ 0 .v + ^^ (15) 

where fcampl x ) is lhe periodic sampling phase, and ^(x) is the underlying phase 
corresponding to the chirp common to all the channels. The period of fcampW- Psamp 
determines the spacing of the central channels according to &\'s am p ~ c '- n gPsamp- ' : ° r 

10 example, if/' - 1.03 mm. then the channel spacing Av - 100 GHz. a standard ITU spacing for 
WDM channels. Phase-only apodization of a 9 channel spectrum generated by the phase of 
Fig. 8 and according to Hq. (15) is demonstrated in Figs. 9-1 0. where the apodization phase 
amplitude is applied as per Eq. (12) I <j> {) ^2.386 and 2.4046] so as to reduce the amplitude of 
the central 9 channels to 10 " and 10" 4 of the maximum, respectively. The phase apodization is 

15 seen to impact equally on all 9 channels. Note that as the amplitude is decreased, the 
interference from the unwanted channels in the wings generated from the spurious 
'apodization channels* becomes more of an issue. This constrains the apodization frequency 
to be large enough so that this potential overlap is not significant. In this case, the apodization 
period P. { - 25 corresponds to a 40 channel (at 100 GHz spacing or 4 THz) shift of the 

20 apodization channels, which is seen to be adequate to obtain good uniformity of the 9 channels 
at the 10" 1 level. As one increases the channel count of the desired central band, then the 
apodization period will need to be decreased to insure adequate separation between the desired 
channels and the spurious apodization channels. 

25 For example. Fig. 11 shows a 41 channel phase-only sampled grating apodized to a target 
level of 10 2 . The phase apodization applied is uniform with ^ 0 -2.386 and period P A = 8.3 
urn. corresponding to a - 124 channel (12.4 THz) shift of the apodization channels. Because 
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this shift is insufficient, one observes significant nonuniformity (> 30%) in the amplitude of 
the center 41 channels, owing to interference from the spurious apodization channels. 
Simulations (see Figs. 14 and 15) show that a -154 channel shift (15.4 THz frequency shift or 
apodization period P A - 6.7 \i\w) is sufficient to achieve adequate uniformity. 

5 

In the calculations of Figs. 8-1 1 <pg(x) is taken to be zero and one obtains identical channels 

each originating from a uniform grating, and thus only the overall channel amplitudes are 
plotted. If instead </>^{x) is chosen to give a linear chirp (i.e. a quadratic phase), then one 

obtains a multi-channel grating with equal dispersion in each channel. An example of this is 
10 shown in Figs. 12-13. where ^(.v) is chosen to correspond to a dispersion of D - 1000 

ps/nm. One sees that 9 uniform channels with identical linear group delay are obtained. The 
deviation of the group delay from the desired linear design is seen to be negligible in the 
single channel plot of Fig. 13. Here again the apodization period selected is Pa = 25 (40 
channel shift), which is seen to be adequate to insure good uniformity and negligible group 
1 5 delay ripple in each of the desired channels. 

Similar calculations are shown in Figs. 14-I5 ? but in this case the phase-only sampling is 
designed for 41 central channels. As a result, a much larger offset for the spurious apodization 
channels is required to avoid interference between channels, and thus undesirable 
20 nonuniformity and group delay ripple. Therefore, an apodization period of P A - 6.7 jam is 
used in these calculations, which corresponds to an apodization frequency of - 15.4 TIIz or 
an offset of - 154 channels. From Figs. 14-15 one sees that the apodization with a 15.4 THz 
offset is sufficient to insure good uniformity and negligible group delay ripple in each of the 
desired channels. 

25 
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Practical Implementation of FBG Writing Method 

fabrication of FBGs with complex and high frequency phase patterns using a mask is 
discussed at length in US patent application 10/056.575 and its disclosure Phaethon memo 
5 TM010. A standard arrangement used for FBG side writing, with the fiber proximal to the 
mask may be utilized. One may scan a writing beam as shown in Fig. 1 (except that the mask 
wiggling actuator is not included), or a large stationary beam may be used to expose the entire 
required section of the FBG. It was disclosed there that one must account for the diffraction 
from the mask to the core of the fiber to properly design the mask to achieve the desired phase 

10 variation in the FBG. These diffraction effects are more easily compensated if one minimizes 
the distance between the mask and the fiber. Here, the essential results are summarized, and 
the application to the phase-only apodization method is described. It should be understood 
that this approach is a simple approximation, and that a more sophisticated diffraction analysis 
(e.g. propagation of plane wave spectra, or vector diffraction) may be needed for some mask- 

] 5 fiber spacings and grating designs. 

It is desired to write an FBG with phase for apodization given by Fq. (6) 

<P A p(x) = fa(x)s'm(2wcf A ) (16) 

20 

where f A =\fP A is the spatial frequency of the apodization sinusoid. As described in the 
disclosure TM0I0. because the XI st order diffracted beams, which interfere to form the FBG, 
meet the fiber core at a distance Ai away from the mask, and arc incident at an angle # 0 away 
from normal incidence, they come from slightly displaced positions x = ±Ax/2 at the mask, 
25 where Ay is defined by the diffraction angle d 0 and the mask-fiber spacing (see Fig.l and Rq. 
14 of application 10/056.575). If one describes the phase of the mask corrugation by 0 m (x) , 
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then it was shown in application 10/056,575 that the phase of the grating in the core of the 
fiber, is given by 

<t>FBC W - & m I x - Ax 1 2) + 0 m (x + Ax 1 2 ) (17) 

5 

Taking the Fourier transform, one obtains the phase frequency transfer function for the mask- 
to-fiber writing process: 

^(/) = 2cos(^AvK? m (./) (18) 

10 

where </> FBCl and 0 m are Fourier transforms and / is the spatial frequency of the mask or FBG 
phase. Thus, in the case of apodization with ;.i sinusoidal phase as defined in Kq. (16). one 
designs the mask to have an apodization phase (in addition to any other phase components 
designed for chirp or sampling) with a sinusoidal component defined by 

15 

#AP< X ) =- 0 AP0 (x)sit\(2mcf A ) , (19) 

where the appropriate mask phase amplitude 0 An) (x) is designed to account for diffraction, 
and can be found using Eqs. (16) and ( 1 8): 

20 

V A ro(x) = <j> 0 (x)/2cos[xf A Ax) (20) 

To . achieve robust manufacturing with this technique, one desires to have a maximum 
tolerance to changes in the fiber-mask distance. Variations in this distance cause a change in 
25 A.v and thus would alter the effective amplitude of the sinusoidal phase. Differentiation of the 
relationship (20) gives the incremental change in the phase amplitude for an incremental 
change Sx in the value of Ax 
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i%(jc) = -2xt ;.|0 M (x)sio(^; 4 Av)fV(Aji-) (21) 

Thus, to achieve the greatest tolerance to changes in Ax one sees that it is desirable to 
5 minimize f A , however this may not be possible since for some designs must be 
sufficiently large to resolve rapid changes in apodization and to avoid interference from 
multiple channels. For large f A . one can still achieve good tolerance by choosing f A such 
that the sin in Eq. (21 ) is zero - i.e. uhen / 4 Ay =/w, an integer. As an example, if the mask- 
fiber distance is - 10 jam. then one finds that Ay ~ 25 |im, and the sin factor will be zero for 
10 f A = 1/25. 2/25. or 3/25 |im'' etc; or cquivalently P A = 25. 12.5. or 8.3 \xm etc (i.e. P A 
= Ax/w ). In Fig 2(b) the transfer amplitude (Eq. 18 normalized) is plotted for the case 
where Ay = 25 jam. and the spatial frequency has been scaled in terms of the frequency shift of 
the apodization channels in unils of 100 GHz intervals (i.e. (cf 4 /2a7^)/100GHz). Thus. e.g. 

an apodization period of P A ~ 25 \im would correspond to a shift of -40, 100 GHz channels. 

15 From Fig. 2(b) one sees that the transfer amplitude has extrema at - 40, 80, 120. 160 channels. 
At these extrema one has zero derivative (as per Eq. (21)) and thus maximum tolerance to 
changes in the mask to fiber distance. However, from inspection of Eqs. (20) and (21), one 
can see that the higher order extrema at larger f A still have increased sensitivity to changes in 
Ay . Thus, one would like to operate at the first extremum (40 channels in this example), yet 

20 f A must still be large enough such that undesirable interference effects do not limit the FBG 
performance. As shown above, for 40+ channel designs the required value of f A may be as 
large as - 16 THz (160 channels). In this case one must insure greater mechanical stability 
such that the changes in Ay are minimized. 

25 The essential suggestion here is to apply a sinusoidal phase modification to the phase mask in 
order to precisely control the apodization characteristics of the FBG. The phase modification 
does not necessarily need to be sinusoidal. The Fourier analysis presented here is not a 
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required aspect of the invention, but included as an example of the analysis that may be used 
to obtain a satisfactory grating design. The broadest statement of this invention is a method to 
control the apodization amplitude of the channcl(s) of interest by a phase-only modification to 
the FBG and/or mask. This approach requires that the reduction of apodization and 
5 reflectivity in the channel(s) of interest must be accompanied by a redistribution of reflectivity 
to another spectral region (which by design should be of no concern). 

It should be noted that the analysis of sinusoidal phase apodization and its implementation in 
the mask is based on the approximate relationship found between the mask and fiber phase 

10 and disclosed in US application 10/056,575, as described above in Eqs. (17) and (18). In 
practice this approximation may be inadequate, especially for higher apodization frequencies, 
where a more complete diffraction analysis is required. However, regardless of the analytic 
method, one can always perform an experimental calibration of the effective apodization 
obtained as a function of the periodic (perhaps sinusoidal) apodization phase amplitude. Such 

15 a calibration would then replace the analytic result of Eq. (20), or some more sophisticated 
diffraction calculation. The experimental calibration curve obtained would then replace Fig. 
2, and an empirically calibrated, modified version of Eq. (12) could then be used to design 
<Pq(x) and thus the mask for any given desired apodization profile, in a manner similar to that 
described by Eqs (1 1 ) - (14). In addition, the phase modulation for apodization and the phase 

20 of the underlying grating design may he optimized to achieve the desired apodization and FBG 
spectral response by a number of well known techniques, such as those described to optimize 
the sampling spectrum in US applications 10/056,575 and 09/757,386. 

It may also be beneficial to combine the proposed technique with prior art concepts such as 
25 variation of the mask groove depth or width along the length of the grating. This approach 
may be helpful at the very ends of the grating, where some type of amplitude apodization may 
be helpful in avoiding spurious FBG reflections owing to the abrupt end of the phase 
apodization, It should be emphasized that apodization of the grating ends by a means other 
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than phase-only apodization is not a required aspect of the invention, but may be beneficial in 
some circumstances. 

Although preferred embodiments of the present invention have been described in detail herein 
5 and illustrated in the accompanying drawings, it is to be understood that the invention is not 
limited to these precise embodiments and that various changes and modifications may be 
effected therein without departing from the scope or spirit of the present invention. 
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Figure 1: 



Prior Ait standard method for writing an FBG by side illumination through a 
phase mask. 
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Figure 2: Effective relative modulation amplitude (A/?/Aw 0 ) of FBG fringes resulting 
from phase only apodization with sinusoidal 

phase <p AP (a-) = sin^/cv//^) versus the amplitude of the sinusoid <fi 0 . 
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Figure 3; 



Phase-only apodization of a single channel linearly chirped grating. 
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Figure 4A: 



Phase-only apodization of the same linearly chirped FBG as in Fig. 3. The 
apodization period is 200 jam. 
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Figure 4B: Experimental demonstration of Phase-only apodization of a linearly chirped 
(dispersion of - -1500 ps/nni) single channel FBG. . The apodization period 
is about 24 \xm. 
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Figure 4C: Experimental demonstration of Phase-only apodization of a linearly-chiiped 
single channel FBG. Measurement of the reflectivity and group delay of the 
central channel in Fig. 4B shows peak-to-peak group delay variation of less 
than 8 ps. 
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Figure 5: Phase-only apodization of a nonlinearly chirped FBG. Target dispersion is 
D = (-500 ps / nm) + (JtQQps/ nm 2 )AA . Phase apodization period is 50 (.tm. 
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Figure 7: Phase-only apodization of a nonlinearly chirped FBG. Target dispersion is 
D = (-30 psl nm) + (2000 ps/nm 2 )AA . Phase apodization period is 100 (am. 
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Figure 8: 9-channel phase-only sampling FBG. The top panel shows the periodic phase, 
which generates the uniform 9 central channels. The bottom panel shows the 
spectral amplitude of the channels generated by the sampling. 
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Spectrum of 9-channel phase-only sampling of Fig. 8, which has been modified 
to include phase-only apodization. The apodization is uniform and reduces all 
of the 9 center channel amplitudes to 10' 2 of the maximum. The top panel 
shows the sum of the sampling and apodization phase (period of ~ 25 fim an d 
amplitude of ±2.3856 rad) which generates spurious 'apodization channels" 
centered at±40/» channels (/;? =1.2. etc) from the overall center. 
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Figure 10: Spectrum of 9 channel phase-only sampling FBG : which has been modified to 
include phase-only sinusoidal apodization. The apodization is uniform (period 
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Spectrum of 41-channel FBG with phase-only sampling and apodization. The 
apodization is uniform (period of - 8.3 (.tm and amplitude of ±2.386 rad) which 
generates spurious 'apodization channels' at - ±124m channels (in =1,2, etc) 
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the spurious channels are too close to the center channels, significant 
nonuniformity generated by interference is observed. 
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Figure 12: 9 channel linearly chirped (D - -1000 ps/nm) phase-only sampled FBG, which 
has been phase-only apodized (apodization period of 25 ^im). 
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Figure 13: Central channel of 9 -channel linearly chirped (D « -1000 ps/nm) phase-only 
sampled FBG. which has been phase-only apodized (apodization period of 25 
jam). The deviation from the desired linear group delay is negligible over the 
designed bandwidth of the channel. 
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41 channel linearly chirped (D = -1000 ps/nm) phase-only sampled FBG. which 
has been phase-only apodized (apodization period of ~ 6.7 \m). 
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Figure 15: Central channels of 41 -channel linearly chirped (D = 1000 ps/nm) phase-only 
sampled FBG. which has been phase-only apodized (apodization period of - 
6.7 |iim). The deviation from the desired linear group delay is negligible over 
the designed bandwidtli of the channels. 



